Thoracic aortic dissection, one of the major diseases affecting the aorta, carries a very high mortality rate. Improving our understanding of the pathobiology of this disease may help us develop medical treatments to prevent dissection and subsequent aneurysm formation and rupture. Dissection is associated with degeneration of the aortic media. Recent studies have shown increased expression and activation of a family of proteolytic enzymes-called matrix metalloproteinases (MMPs)-in dissected aortic tissue, suggesting that MMPs may play a major role in this disease. Inhibition of MMPs may be beneficial in reducing MMPmediated aortic damage associated with dissection. This article reviews the recent literature and summarizes our current understanding of the role of MMPs in the pathobiology of thoracic aortic dissection. The potential importance of MMP inhibition as a future treatment of aortic dissection is also discussed.
T horacic aortic dissection (TAD) begins as a spontaneous tear through either the intima or the adventitia that extends into the media of the aortic wall. Pulsatile blood entering the tear causes the midlayer of the media to tear apart along the length of the vessel. The freshly torn aorta is severely weakened and prone to dilatation and rupture, which is usually fatal. The cornerstones of successful treatment are rapid diagnosis, aggressive antiimpulse therapy, surgical repair for selected patients, and lifelong surveillance imaging. 1 Despite medical advances, aortic dissections and aneurysms are a major cause of mortality, being responsible for nearly 14,000 deaths in the United States each year. 2 The International Registry of Acute Aortic Dissection indicates that surgical repair of an acute ascending aortic dissection carries a 24% in-hospital mortality rate. 3 Even after the initial injury is treated and stabilized, the dissected aorta is prone to late deterioration, leading to progressive aneurysmal dilatation and rupture. Consequently, 10 to 26% of late deaths after ascending aortic dissection repair are caused by rupture of the descending thoracic aorta. [4] [5] [6] A better understanding of the molecular mechanisms involved in TAD is needed to develop new medical treatments that can prevent dissection formation, expansion, and rupture.
Aortic dissections are associated with degenerative changes in the medial layer of the aortic wall. Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes that degrade various components of the extracellular matrix (ECM) and, thus, play an important role in vascular remodeling. Dysregulation of MMP production and activity leads to ECM degradation and medial layer degeneration. The role of MMPs in the pathogenesis of degenerative abdominal and thoracic aortic aneurysms is well established. [7] [8] [9] Because aneurysmal dilatation is a risk factor for dissection, it is tempting to extrapolate data regarding the pathogenesis of degenerative aneurysms to the development of dissection. Many dissections, however, occur in nondilated aortas, and many aneurysms never result in dissection; therefore, the pathobiology of aneurysms and the development of dissection should be examined independently. Although dissections are studied far less extensively than degenerative aneurysms, mounting evidence supports a role for MMPs in TAD. This article reviews the recent literature and summarizes our current understanding of the role of MMPs in the pathobiology of TAD. In addition, the potential importance of MMP inhibition as a future treatment strategy for TAD is discussed.
ECM Degeneration in TAD
The aorta comprises three layers: an inner intima, a media, and an outer adventitia. The media, a thick layer composed of smooth muscle cells within an ECM, makes the aortic wall extensible. Most dissections are associated with degenerative changes in the medial layer of the aortic wall; the degenerative changes are characterized by a reduction in smooth muscle cells, fragmentation and loss of elastic fibers, and an accumulation of the basophilicstaining ground substance mucopolysaccharide. The cellular components of the aorta are supported and organized by the ECM, a complex combination of structural proteins (elastins, collagens, and fibrillins), adhesive proteins (laminins and fibronectins), and ground substance (glycosaminoglycans and proteoglycans). ECM not only provides mechanical support for the cells but also facilitates and governs cellular activity.
ECM is a dynamic structure constantly undergoing synthesis and degradation. Keeping ECM metabolism in balance is critical for maintaining vascular structure and function. Although low ECM production can weaken the aortic wall, overproduction of a single component can cause wall stiffness, leaving the aorta vulnerable to dissection. Fragmentation of the elastic fibers is one of the most important and early histologic features of dissection tissue. [10] [11] [12] A decrease in elastin content may further stimulate vascular smooth muscle cell (VSMC) proliferation and fibrosis formation, 13 which decreases compliance of the aortic wall and accelerates the development of aortic degeneration. Ultimately, loss of VSMCs and collagen degradation create the catabolic conditions that lead to rupture of the aorta. 10 Most of the current information about the cellular and molecular changes associated with TAD is based on analyses of aortic tissue after a dissection has occurred. The specific changes in the aortic wall that precede dissection are largely unknown. However, the changes that occur after dissection are clinically relevant because progressive dilatation of the dissected aorta leads to aneurysm formation and culminates in rupture, unless treated surgically. The ability to interrupt this process in patients with dissection would be a major advance in treatment.
Physiologic Properties of MMPs
Fragmentation of the elastic fibers and aortic dilation are associated with the local release of proteolytic enzymes, including serine proteases, cysteine proteases, and MMPs. These proteolytic enzymes lead to degeneration of the ECM and destruction of the vascular framework. Numerous MMPs are increased in aortic TAD tissue. [14] [15] [16] [17] [18] Several studies have correlated MMP levels with the severity of the lesion. [14] [15] [16] [18] [19] [20] [21] Thus, MMPs have been implicated in TAD formation via their capacity to degrade the particular constituents of the ECM.
Members of the MMP Family
MMPs play an important role in ECM metabolism. Currently, 26 MMPs described in humans can be functionally divided into six groups: collagenases (MMP-1, -8, -13, and -18), gelatinases (MMP-2 and -9), stromelysins (MMP-3, -10, and -11), matrilysins (MMP-7 and -26), and membrane-type matrix metalloproteinases (MT-MMPs; MMP-14 to -17, -24, and -25).
MMP Structure
Although functionally distinct, MMPs share a high degree of homology in structure, which consists of a prodomain, a catalytic domain, a hinge region, and a hemopexin domain ( Figure 1 ). MMPs are initially synthesized as inactive zymogens with a prodomain at the N-terminal region. The prodomain has a conserved cysteine switch motif, PRCGXPD. When the switch motif interacts with the zinc (Zn 2+ ) ion in the catalytic domain, the enzyme is kept in an inactive pro-MMP zymogen form, and the substrate is prevented from binding to the enzyme and being cleaved. Some MMPs have a prohormone convertase cleavage site (furin-like). When it is cleaved, the enzyme becomes active. 22, 23 The prodomain also consists of a signaling peptide that allows the enzyme to be secreted into the endoplasmic reticulum and transported out of the cell. 22, 23 MMP-23A and MMP-23B have a transmembrane segment in the prodomain. 24 The catalytic domain has a Zn 2+ ion binding site and a substrate binding site, allowing for the binding and subsequent cleavage of a specific substrate. The catalytic domain is connected to the C-terminal domain by a flexible hinge region that allows for the binding of other proteins. The C-terminal domain can alter MMP activity; it has a four-bladed, b-propeller structure that provides a large flat surface for protein-protein interactions and determines substrate specificity. It is also the site that interacts with tissue inhibitors of metalloproteinases (TIMPs). The MT-MMPs have an additional transmembrane binding domain. Two matrilysins are minimaldomain MMPs because they lack the hemopexin Cterminal domain, although they are still potent enzymes involved in many tissue remodeling processes.
MMP Synthesis
MMPs are produced by many cell types, including VSMCs and fibroblasts. 23, 25 All MMPs are initially synthesized as an enzymatically inactive zymogen (pro-MMPs). Some MMPs are stored within the cell after synthesis (eg, MMP-9 in neutrophil granules), but most are either secreted freely into the extracellular space or anchored to the surface of cell membranes (eg, MT-MMPs). 22, 23, 26, 27 
MMP Cleavage and Activation
Pro-MMPs can be activated in two ways ( Figure 2 ). First, the inactive proenzymes can be activated by proteolytic cleavage of the inhibitory prodomain by other MMPs or proteinases. 22, 23 Second, the pro-MMPs can be activated by the dissociation or disturbance of the binding of the cysteine switch motif in the prodomain and the Zn 2+ ion in the catalytic domain by thiol-modifying agents, such as oxidized glutathione, sodium dodecyl sulfate, and reactive oxygen species. 
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MMP Substrates and Biologic Activities
MMPs function mainly as enzymes that degrade structural components of the ECM. Known substrates include most of the ECM components (eg, elastin, collagen, fibronectin, vitronectin, laminin, entactin, tenascin, aggrecan, myelin basic protein). Although MMPs exhibit substrate specificity, the substrate preference for each MMP is not fully characterized. MMPs can act cooperatively to completely degrade ECM proteins. Recently, increasing evidence suggests that MMPs and their cleaved products can also modify the actions of growth factors, cytokines, chemokines, cell adhesion molecules, tyrosine kinase receptors, and other MMPs, 22, 23, 28, 29 thus serving as signaling molecules that affect cell behavior. By cleaving the ECM, intercellular junctions, and the basement membrane and by modifying cell signaling, 22 MMPs can change tissue architecture and contribute to vascular remodeling.
MMP Regulation
Rigorous regulation of MMP expression and activity is a crucial part of ECM homeostasis. This regulation occurs primarily at the levels of gene expression, pro-MMP secretion, extracellular localization, zymogen activation, and enzyme inhibition by interaction with endogenous inhibitors such as the TIMPs (Figure 3 ).
Regulation of MMP Production
MMP messenger ribonucleic acid (mRNA) levels can be affected by several factors, including hormones, growth factors (eg, transforming growth factor b [TGF-b]), cytokines (eg, tumor necrosis factor a and interleukin-1), vascular factors (eg, angiotensin II and endothelin-1), ECM proteins, hypoxia, mechanical stretch, and shear stress. 25, 30 These factors can alter MMP gene expression by activating signaling pathways and transcription factors that bind specific response elements on MMP promoters. Signaling molecules, such as the extracellular signalregulated kinases, the c-Jun N-terminal kinases (JNKs), and the p38 kinases, may be involved in the regulation of MMP transcription through activation of activated protein 1 family members, JunB and FosB. The inflammatory nuclear factor kappa B (NF-kB) pathway has also been reported to be involved in MMP regulation, and several MMP promoters contain NF-kB binding sites. 25, 30 
Regulation of MMP Activation
The activation of MMPs by proteolytic cleavage of the prodomain is tightly regulated by the levels and activities of MMPs, other proteinases, and endogenous MMP inhibitors. 22, 23 On the other hand, MMPs are activated when the Zn 2+ ion in the catalytic domain is exposed. The full-length MMP is also proteolytically active during oxidative stress. MMP-1, -8, and -9 can be activated by the oxidant species peroxynitrite (ONOO 2 ), without removal of the inhibitory prodomain. 31, 32 In addition, extensive modifications and activation of MMP-2 by S-glutathiolation, hydroxylation, and nitration have been shown by mass spectrometric analysis. 33 Protein phosphorylation, which has not previously been considered a potential modulator of MMP activity, may participate in regulation of MMP functions. For example, MMP-2 contains 29 potential phosphorylation sites and has been shown to be phosphorylated on several sites by protein kinase C. 34 Several kinases, including protein kinase A, 35 protein kinase C, 36 glycogen synthase kinase 3, 37 and phosphatidylinositol 3-kinase, 38 can phosphorylate MMP-2 and modulate its activity.
Regulation of MMP Activity by Endogenous Inhibitors
MMP activity is inhibited by plasma proteins (eg, a 2macroglobulin) and endogenous TIMPs. [39] [40] [41] [42] TIMPs comprise a family of four protease inhibitors: TIMP-1, TIMP-2, TIMP-3, and TIMP-4. They are small (<23 kDa), cysteine-rich proteins with a large N-terminal domain and a smaller C-terminal domain. 39 All four TIMPs are expressed in the heart and in the vascular wall, 25 and their expression can be induced by a variety of stimuli, including inflammatory cytokines [43] [44] [45] and angiotensin II. [46] [47] [48] TIMPs inhibit MMP activity by binding to the Cterminal domain of MMPs (see Figure 3 ). 39, 49, 50 TIMPs demonstrate some degree of target specificity for particular MMPs. For example, TIMP-2 has a preference for MMP-2 and membrane type 1 matrix metalloproteinase (MT1-MMP). 25, 51 However, the substrate specificity for each TIMP is not fully characterized, and the structural basis for its binding specificity is not completely understood. 49 In addition to MMP inhibition, TIMPs act as signaling molecules and have direct effects on the proliferation, migration, and death of VSMCs 52 and fibroblasts. 53
MMPs in TAD
MMPs contribute to many important physiologic processes, such as normal vessel development and wound healing, by regulating VSMC migration and ECM metabolism. Dysregulation of MMP activity can result in adverse vascular remodeling in many pathologic conditions. Increased MMP activity has been reported in various systemic vascular diseases, such as hypertension, preeclampsia, atherosclerotic plaque destabilization, and abdominal aortic aneurysms. 7 Several studies focusing on degenerative thoracic aortic disease (without dissection) have suggested that MMPs play a role in the formation of thoracic aortic aneurysms. 9, [14] [15] [16] 18, 19, 54 In contrast to the large number of studies of MMPs in degenerative aortic aneurysms, relatively few studies have focused on the role of MMPs in TAD (Table 1 ). In a study of seven patients with Marfan syndrome (three of whom had aortic dissections), Segura and colleagues, using immunohistochemical analysis, showed a specific pattern of MMP expression in ascending aortic tissue. 14 
MMPs or
TIMPs showed little expression in the areas of ''cystic'' medial degeneration in the aorta of Marfan syndrome patients; however, all MMPs, especially MMP-2 and MMP-9, were more highly expressed in the smooth muscle cells at the borders of the areas of medial degeneration than in other regions. MMP-2 and MMP-9 were also expressed at the surfaces of disrupted elastic fibers, indicating the potential role of MMPs in elastin degradation. In 2000, Tamura and colleagues reported increased MMP-9 expression in macrophages at the site of the intimal tear in six patients with atherosclerosis-related dissections. 55 Similarly, Ishii and Asuwa reported immunohistochemical evidence of MMP-2 and -9 at the initial tear in 21 postmortem acute dissection specimens. 56 Using in situ hybridization for MMP-9 mRNA, Schneiderman and colleagues demonstrated MMP-9 involvement in four subacute dissections. 57 A complementary deoxyribonucleic acid (cDNA) array analysis of tissue from six acute aortic dissections recently revealed upregulation of inflammatory 
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and proteolytic genes and downregulation of ECM, adhesion, and cytoskeletal proteins, suggesting a degradative process. 58 A semiquantitative study by Koullias and colleagues showed significant increases in MMP-1 and -9 in dissection tissue when compared with control tissue from cadavers. 15 In a recent study, the activities and distributions of MMP-2, MT1-MMP, and MMP-9 were evaluated by gelatin zymography, immunohistochemistry, and in situ hybridization; the results suggested that MMP-2 and MT1-MMP may be involved not only in the degeneration of aortic tissue but also in tissue remodeling, which may be associated with the healing process. 21 In contrast, a study by Manabe and colleagues showed that MMP-2 and TIMP-2 were significantly lower in aortic samples from patients with acute aortic dissection than in control aortic samples from patients undergoing coronary artery bypass, suggesting that low TIMP-2 to MMP-2 and TIMP-2 to MMP-9 ratios might play an important role in aortic dissection. 20 Two important caveats related to interpreting the results of these studies deserve emphasis. First, the substantial variability in study design makes direct comparison of results difficult; key differences between the studies include the type of underlying aortic pathology being investigated (Marfan syndrome, atherosclerosis, and idiopathic medial degeneration), the source of the diseased aortic tissue (samples obtained postmortem versus those obtained during surgical repair), the stage of the disease (acute, subacute, and chronic), and the source of control tissues (organ donors, cadavers, and patients undergoing coronary artery bypass surgery). These differences in study design can contribute to seemingly disparate results, such as those described above for MMP-2. Therefore, evaluating how each of these factors affects the pattern of MMP expression within the aortic wall is an important step toward improving our understanding of the role of MMPs in dissection. Second, it is not clear whether changes in MMP expression precede (and potentially cause) the acute dissection event or whether they merely occur in response to the local trauma caused by the dissection. Despite the variability in study design and regardless of when abnormal MMP expression begins, the accumulating data generally support the paradigm that the initial tissue injury during acute aortic dissection triggers a cycle of inflammation, MMP overproduction, and progressive destruction of the aortic wall, ultimately leading to expansion and rupture (Figure 4) .
Genetic variations affecting MMP expression and activity may increase the risk of TAD. Genetic disorders that affect upstream regulators of ECM metabolism, such as TGF-b, are well-established causes of TAD, [59] [60] [61] and upregulation of MMPs may be an important component of the aortic manifestations. In a genetic association study, we recently identified a single nucleotide polymorphism (28202A/G) in the MMP-9 gene that was associated with TAD (adjusted odds ratio 4.26, 95% confidence interval 1.70-10.66). 62, 63 Further studies are needed to replicate this observation and to investigate the functional role of the 28202A/G variant in MMP-9 expression.
Inhibition of MMPs: Potential Medical Therapies for Aortic Dissection?
Efforts to elucidate the role of MMPs in TAD are driven, in part, by the increasing availability of pharmacologic inhibitors of MMPs that have potential as therapeutic agents. Medical treatment would be particularly useful in two clinical situations. The first is in the prevention of TAD in patients who are determined to be at high risk, such as those with connective tissue disorders. The second is in the prevention of aortic expansion in patients with dissections involving the descending thoracic aorta. Although MMP inhibitors have not been studied in the context of aortic dissections, it is worthwhile to briefly review these agents, given their future potential.
Doxycycline
One class of MMP inhibitors that may be of clinical use is the tetracycline class of antibiotics. Doxycycline, the tetracycline most widely studied for inhibiting aneurysms, binds the zinc-containing active site of MMPs and nonselectively inhibits MMP activity. Doxycycline potently inhibits a broad range of MMPs. Systemic administration of doxycycline inhibits aneurysm formation in rat and mouse models. [64] [65] [66] [67] Local delivery improves the efficacy of doxycycline. [68] [69] [70] A recent study showed that doxycycline delays aneurysm rupture in a mouse model of Marfan syndrome. 71 To date, doxycycline is the only MMP inhibitor approved for clinical use by the US Food and Drug Administration. Clinical trials in patients with aortic aneurysms have demonstrated that doxycycline decreases plasma levels of MMP-9 72 and inhibits aneurysm progression. [72] [73] [74] [75] 
Statins
The 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, or statins, are well-studied drugs that exert many beneficial effects on the cardiovascular system, independent of their lipid-lowering properties. In cultured cells, statins reduce MMP secretion by macrophages and VSMCs. [76] [77] [78] Statins can directly suppress MMP production and modulate the structure and function of the aortic wall. In a mouse model of abdominal aortic aneurysm, statins reduced the expression of MMP-9 and increased the expression of TIMP-1 in the aortic wall, and inhibited aneurysmal expansion and medial destruction. 69 Although there is no evidence that statins can prevent or stabilize TAD, it seems reasonable to control lipid levels with statins in patients with aortic dissections. This is particularly true in patients with a penetrating atherosclerotic ulceration, a variant of aortic dissection caused by unstable atherosclerosis of the aorta.
Recombinant TIMPs
The use of TIMPs, through gene therapy or direct protein injection, for the treatment of vascular diseases is in the early stages of development. 79 Studies have demonstrated that overexpression of TIMPs by gene transfer can suppress MMP activity, [80] [81] [82] [83] [84] reduce intimal thickening, [80] [81] [82] and attenuate atherosclerotic plaque development and instability. 83, 84 Local expression of TIMP-1 has been shown to prevent progression and rupture of aneurysms in a rat model of abdominal aortic aneurysm. 85 The use of gene transfer to increase local levels of TIMPs may be a potential treatment for TAD. However, expressing wild-type TIMPs could have drawbacks because multiple MMPs may be inhibited, underscoring the importance of both understanding the structural basis of TIMP substrate specificity 49 and developing target-specific recombinant TIMPs. 86 
MMP Inhibitory Peptides and Neutralizing Antibodies
Inhibitory peptides that may bind to the hydrophobic substrate pocket of MMPs have been used to selectively inhibit MMP-2 and -9. 87, 88 In experimental models, MMP-2 neutralizing antibodies have shown protective effects in hearts exposed to proinflammatory cytokines 89 and ischemia reperfusion injury. 90, 91 However, these agents have not been tested in aortic dissection models. It is unclear whether these peptides and antibodies could achieve sufficient distribution throughout the aortic media to effectively suppress MMPs.
Kinase Inhibitors
Recent evidence indicates that inhibition of JNK, a signaling molecule crucial for MMP-2 and MMP-9 production and secretion, prevents the development of abdominal aortic aneurysms and even causes regression of existing aortic aneurysms in mouse models. 92 Rapamycin, a TOR inhibitor, decreased MMP-9 levels and aortic expansion in a rat model of abdominal aortic aneurysm. 93 
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These findings suggest that targeting signaling molecules involved in MMP expression, secretion, and activation may be an effective therapeutic strategy in the treatment of TAD.
Other MMP Inhibitors
Several rationally designed MMP inhibitors, such as ophenanthroline, batimastat, marimastat, GM-6001 (ilomastat or gelardin), and PD-166793, have been developed. These molecules inhibit MMPs by chelating the Zn 2+ active site in the catalytic domain. 94, 95 Although animal studies have shown some promise in the treatment of pathologies in which MMPs are suspected to be involved, 96-100 most of these inhibitors have performed poorly in clinical trials. They failed to show expected results and had unanticipated side effects, such as tendonitis-like fibromyalgia, which appeared to be unrelated to MMP inhibition. 94, 95 Nonselective, broad-spectrum MMP inhibition is thought to be responsible for the low efficiency and toxic effects of these inhibitors. 94, 95 More selective inhibitors, such as compounds that are designed to interact with various binding pockets on the MMPs, are desired.
Summary
Initial progress in understanding the production and activation of MMPs in TAD suggests that MMPs play a significant role in vascular remodeling and TAD pathobiology. Future investigation of MMPs and their inhibitors in TAD will likely lead to advancements in the diagnosis, prognosis, and treatment of this deadly disease. Inhibition of MMP-mediated matrix degradation may be a promising therapeutic direction for TAD. In addition, inhibiting MMP production and activity via anti-MMP therapy using selective MMP inhibitors, kinase inhibitors, or TIMP gene therapy may eventually be part of the prevention and treatment of TAD.
